remote sensing to quantify water stress. Moran et al. most successful in estimating the onset of stress. Moran et al. (1994) investigated the concept of a water deficit index, which is defined as the ratio of actual to potential ET. This index exhibits the ability to predict ET rate A vailable water is one of the most limiting factors in crop production; while in non-leguminous crops, and relative field water deficit for both full-cover and low available soil N can be an additional yield reduction partially-vegetated sites. The measurement can be calfactor. Denmead and Shaw (1960) found water stress culated from remotely sensed data (red and NIR) gathreduced corn grain yield by 25, 50, and 21% prior to, durered with ground, aircraft, or satellite-based sensors. ing, and after silking, respectively, compared with the On-site measurements used in the calculation include nonstressed plots. Claasen and Shaw (1970) concluded net radiation, air vapor pressure deficit, air temperature, that water stress at 75% silking resulted in greater reducand wind speed. Work by Bowman (1989) with cotton tion in corn grain yield (53% of the nonstressed), com-(Gossypium hirsutum L.) showed reflectance in the inpared with stress during vegetative periods or 3 wk after frared spectra (810, 1665, and 2210 nm) increased as silking (15 and 30% of the nonstressed, respectively).
relative water content decreased. Hope et al. (1986) Over the past decade, the increased use of irrigation integrated canopy reflectance, stomatal resistance, and and concern over environmental contamination has energy dynamics into a modeling system that was suited brought about an awareness of efficiently utilizing our to investigate the relationship between canopy temperalimited resources and decreasing the negative environture and spectral indices, that is, simple spectral ratio mental impacts of fertilizer leaching and runoff. Irriga-(NIR/red) and normalized difference vegetation index tion management techniques involve several different (NDVI) of green vegetation. The results indicate this methods, including soil-, meteorological-, and crop-based relationship may be useful for parameterizing the surtechniques. Soil-based techniques target irrigation events face moisture available for ET and the subsequent need based on soil water content in the rooting zone; meteofor irrigation. Jackson et al. (1983) used several ratios rological-based approaches depend on air temperature, and linear combinations of bands similar to those meanet radiation, vapor pressure, and wind speed, as well sured by sensors on the Landsat satellite. They determined water stress could not be detected until after tion need for irrigated corn. Walburg et al. (1982) showed that N-deficient corn canopies had increased winter wheat. † ET ϭ evapotranspiration.
The objectives of this work were to determine specific gust in 1997, and 13 July and 16 September in 1998. Whole from the 350-to 2500-nm range, collected at 1-nm intervals plants were weighed and then chopped with a chipper-shredusing a FieldSpec spectroradiometer (Analytical Spectral Deder in the field to facilitate subsampling. Subsamples and ear vices, Boulder, CO). Measurements were taken at heights of samples were weighed and then oven dried at 50 ЊC before 4.5 m and 10.6 m above the canopy, in 1997 and 1998, respecbeing reweighed to determine water content. All subsamples tively, with an 18Њ field of view foreoptic. Measurement dates were ground in a Wiley Mill to pass a 2-mm sieve. Nitrogen were 17 July and 17 September in 1997, and 15 June and 17 concentration was determined on all subsamples using dry comJuly in 1998. Five canopy measurements were taken randomly bustion (Schepers et al., 1989) . Grain yield was estimated by throughout each plot. Individual readings were averaged to hand harvesting a 3.05-m length from each of the four middle get a representative reading for the entire plot. Canopy mearows. Ears were shelled and water content determined. Grain surements were taken on cloud-free days at solar noon Ϯ2 h. samples were oven dried at 50 ЊC, ground and analyzed for N All measurements were transformed into percentage reflecconcentration, as previously described for biomass. Grain yield tance using a Spectralon 1 reference panel (CEREX, Cantonwas calculated and corrected to 155 g kg Ϫ1 moisture. ment, FL) (representing maximum reflectance) for total incoming radiance. Reference panel measurements were taken before the initial canopy reading and repeated about every 15 min.
RESULTS AND DISCUSSION
Spectral readings collected on the specified dates were aver-
Grain Yield
aged across 5-nm intervals to decrease the amount of data for analysis. Stepwise regression was performed, using the REG There was a significant linear and/or quadratic reprocedure in SAS (SAS, 1988) on all data to develop multiple sponse to applied N each year for grain yield and total regression equations for predicting plant N, biomass, grain plant N content (Table 2) . A water stress was only pres- (Table 2) . These results are similar to previous findings from Denmead and Shaw (1960) , who found a 1 Mention of trade name or proprietary products does not indicate 25% reduction in yield with water stress prior to silking. endorsement of the USDA and does not imply its approval to the exclusion of other products that may also be suitable.
The dryland irrigation treatment resulted in a higher N phyll meter readings from this experiment were used to concentration relative to the 0.5 and full ET treatments. help illustrate differences between years and the differThere was no water stress present during the 1998 seaent N rates rather than make seasonal comparisons (Fig.  son , thus no effect of water on grain yield or total N. 1, 2). In the 1998 growing season, the different N rates Rainfall amount for the 1997 season was 247 mm, comhad a larger effect on chlorophyll content, regardless of pared with 457 mm in the 1998 season. The 1997 season water treatments. Differences in chlorophyll content for had a significant water ϫ N interaction for grain yield three water treatments were greatest between the 0 N and total N ( Table 2) . rate compared with the remaining N rates (Fig. 1, 2 ). Linear and/or quadratic single-degree-of-freedom
Chlorophyll Meter Readings
contrasts for applied N were significant for all weekly readings (Table 3 and 4). Chlorophyll meter readings Past research has shown that chlorophyll meter measurements were correlated with changes in leaf N confrom 31 July 1997 suggested a significant effect of N rates on chlorophyll content due to the extreme water centration. Problems associated with comparing readings from different growth stages, different hybrids, or stress present at that date. Immediately following chlorophyll meter readings, all plots were irrigated to predifferent locations make it difficult to make comparisons throughout the season (Schepers et al., 1992) . Chlorovent total crop loss for the dryland treatments (Table 1 ). 
Hyperspectral Readings
corn. Everitt et al. (1985) found plant leaf N content was associated with reflectance at 500 nm. Two separate analyses were performed for the 17 July Regression equations for estimating total biomass and 1997 sampling due to differences between water stress total N in 1997 and 1998 are reported in Table 5 . Estimatreatments. One analysis was performed for all treattion of biomass for the 1998 season did not produce very ments, while the other analysis was performed on only reliable information, although prediction of total N was the highest water treatment with varying N rates. This somewhat better and accuracy of estimating chlorophyll was to determine the reflectance wavelength for prewas similar between 1997 and 1998. Various wavelengths dicting total N and biomass with and without a water in the MIDIR region were used for predicting total N stress. Results from water-stressed plants indicated re- (Table 5 ). flectance in the red (600 and 700 nm) and a number Hyperspectral data were compared with chlorophyll of different wavelengths in the midinfrared (MIDIR), meter data gathered at the same time (Ϯ1 d). Prediction between the water absorption bands (1400, 1900, and of chlorophyll meter data was significant in 1997 for 2700 nm), were important for predicting biomass (R 2 ϭ blue (440 nm), green (510 nm), NIR (705 nm), and 0.87) and total N (R 2 ϭ 0.87) ( Table 5 ). Reflectance in MIDIR (1135, 1145, 2095 , and 2110 nm) regions, with the MIDIR region is considered to be a function of an R 2 ϭ 0.91 (Table 5) . Because plants had been under leaf thickness and water content (Lillesand and Kiefer, a water stress for 2 wk during the 1997 growing season, 1987). These wavelengths are similar to wavelengths the production of chlorophyll and plant growth were used by past researchers to detect water stress (Moran reduced. The decrease in growth, as well as differences et al., 1989; Carter, 1991) . In contrast, results from plants in water content, could account for the contribution adequately supplied with water indicated wavelengths from reflectance in the NIR and MIDIR regions in 1997. in the green region (550 nm) and the MIDIR (1425, Estimation of chlorophyll meter readings based on 1998 1465, 1490, and 2120 nm) were important in the predicdata involved reflectance in the green (510 nm), NIR tion of total N, having an R 2 ϭ 0.95 (Table 6 ). Biomass (705 nm), and MIDIR (1135 nm) with R 2 Ͼ 0.82 (Tawas best predicted by wavelengths in similar narrow ble 5). Because these wavelengths were similar to those waveband regions (505, 515, 545, 1455, 2045, 2180, and used for the 1997 data, our results indicate the potential 2190 nm) with an R 2 ϭ 0.94 (Table 6 ). This is similar of remote sensing for estimating chlorophyll meter readto work by who found reflectance near 550 nm was best for detecting N deficiencies in ings, which in the past has been used to estimate fertil- izer N need for a growing crop (Blackmer and Schepences in N content and also differences in the amount of plant biomass present. The wavelengths used in the ers, 1995).
Stepwise regression was performed to estimate grain regression equations changed throughout the growing season and especially between years, suggesting seayield and grain N using hyperspectral data for the four phenological growth stages (Table 7) . Prediction of grain sonal differences in the amount of soil background present, difference in vegetation stages, and presumably a yield was best for the 17 July 1998 sampling (V14-R1), with an R 2 ϭ 0.95 using reflectance in the green (530 number of other agronomic factors. nm), red (675 nm), and MIDIR (1780, 1790, 2020, and 2035 nm) . The equation developed for the 17 Sept. 1997 CONCLUSIONS sampling date (R5-R6) used reflectance values in similar regions of the spectrum, with an R 2 ϭ 0.89. ReflecThe potential for hyperspectral remote sensing to detect water stress in irrigated corn was illustrated the tance in these spectral regions would account for differ- 
